is paper presents a new perception in evaluating fretting fatigue damage nucleation and propagation lifetime under periodically forced circulation. A new approach, which is proposed in this paper, is to measure the change of the central point of power spectral density (CP-PSD) in different structural stiffness degradation stages. A notable aspect of this study lies in the combination between vibration amplitude and forced frequency of the fatigue-causing factors in beam structures. Additionally, it is found that randomization of the first phase from 0 to 2π yields more accurate modelling of the fatigue phenomenon. Results show that the CP-PSD parameter is significantly more sensitive compared to the regularly damage-evaluating parameters such as natural frequency, eigenvalues, or stress value. is reflects different levels of fatigue cycle effect on the structure in the experiment. At the same time, CP-PSD also categorizes the degradation level on different points on the structure under the periodically forced circulation. In addition, this paper also quantifies the relation between the changes of CP-PSD and each fatigue state. Results of this research will be a reference source to evaluate the lifespan of the structure by experimental methods.
Introduction
e experiment on the effect of fatigue on material and working capacity of the structure is an important topic. Fatigue affects significantly the design and operation of the structure. In particular, the load-bearing parts of the structure have circulation because they are always under the periodical or changeable load. Practical structures are always designed to work within a certain lifespan. If lifespan is too short, a structure will not satisfy the requirements given, indicating the design does not meet the requirements or the operation goes beyond the requirements. If lifespan is too long, the structure will exceed in size or the weight will not meet the design. All of the mentioned scenarios show that the fatigue evaluation helps forecast the lifespan as well as ensures the working capacity of the structure. Although this evaluation is not a new topic, we still encounter various difficulties when it comes to practical application. eoretically, fatigue is part of duration science, which focuses on the characteristics of the material as well as structure form under the changeable load over time. According to Burdekin and Stone [1] , Hutchinson [2] , Rice and Rosengren [3] , and Shih [4] , when evaluating effect of numerous factors on the structure, they found that these factors gradually degraded the underload material over time. Additionally, these authors also proposed the evaluation method and technical solution to enhance the duration of the structure impacted by the effect. Based on the reality, we can categorize fatigue into 2 forms: short-term fatigue (temporary) and long-term fatigue (permanent). When considering the effect of short-term fatigue on the structure, Pereira et al. [5] and Kumar et al. [6] concluded that it was the first condition for the crack's development in the structure. However, it did not affect the load-bearing capacity of the structure yet. If the fatigue continued regardless of time and intensity, short-term fatigue would transform into long-term fatigue.
is was the first experiment for short-term fatigue to happen when stress cycle and amplitude of the vibration were low. Conversely, long-term fatigue has high-stress period, high amplitude of vibration, and wide exposure surface, which harms the surface of the structure seriously and at the same time facilitates the development and expansion of potential defects in the structure. According to Pereira et al. [7] , Yue and Abdel Wahab [8] [9] [10] , and Vingsbo and Söderberg [11] , under the effect of long-term fatigue, the exposure area would yield in serious damage that directly affected the operation of the structure. If fatigue kept working, the structure would be damaged or completely destroyed. Nowadays, due to the significant effect of fatigue on projects, machine, and device, the fatigue theory has gained many successful achievements and new steps in comparison to the very first days. Numerous research studies have offered new parameters in evaluating and observing fatigue. is theoretical foundation has been widely applied in evaluating the duration of machine construction as well as structures that bear the load and it make changed stress. Recently, Bhatti and Abdel Wahab and their coworkers have gained the most successful achievements using the fatigue effect of the structure as an effective method to evaluate the degradation level of structures [12, 13] . ey also proposed many approaches to detect and observe defects in structures. However, it is clear that the results of above experiments were only sensitive with simulated or in-house experiment. ey did not show clearly the application and how they would define the lifespan of the structure. To evaluate the operation of the structure under the fatigue effect by practical methods, some experiments usually based on the physical parameters such as Findley stress [14, 15] , McDiarmid [16] with cycle multiaxial fatigue, Lykins et al. [17] with shear stress-based parameter, Fatemi distortion parameter [18] , elastic deformation energy of Smith et al. [19] , Szolwinski [20] with fretting fatigue crack formation, and stress mode shapes of Zhou [21] [22] [23] were carried out. erein, the parameters extracted from the deformation value are used more often as the relation of deformation stress is the foundation for evaluating fatigue. However, in reality, fatigue affected by the vibration of the structure over time accounts for the majority. In other words, vibration is the cause of fatigue and degradation of the structure over time. e use of the vibration method in studying fatigue encounters many difficulties due to the complex behavior of both structures and affecting factors. ere are many types of vibrations that affect the structure at the same time: predestined, forced, free, or mixed vibration (the combination of different vibrations), which make the behavior of the structure complicated.
ese are also main causes that make fatigue common in reality, but the number of research studies applied to solve this issue is relatively few. e current research improves upon shortcomings of previous studies such as either separately evaluating inducing fatigue-causing factors as vibration amplitude, forced frequency, and first phase or using only numerical simulations to evaluate fatigue from multiple factors by the computer. A new paradigm is presented in investigating the decline of beams under harmonic constraining force through vibration analysis. e subject of investigation-beam-type models-is at the core of various real-life structures; yet, despite being a topic of major interest, it is rarely researched thoroughly due to the extensive and complicated fieldwork required. erefore, this research highlights the characteristics of beam structures under the fatigue phenomenon.
rough the three mentioned factors causing fatigue, the new CP-PSD parameter is presented. Using vibration measurements collected from accelerometers, we composed the signal's power spectrum across various phases (periods) of fatigue on the beam. Research demonstrated that changes in the CP-PSD at each phase of fatigue can be used as a basis of evaluating decline in beams over time. Furthermore, shifts in CP-PSD are found to be significantly more sensitive than previous parameters such as natural frequency, eigenvalues, or stress value. CP-PSD reflects various degrees of decline in the beam under the effect of the periodical fatigue propagation during experimentation.
is shall be the basis of applying fatigue to determine structures' lifespans through experiments.
Theoretical Background
e experiment model investigates fatigue generated on the beam by harmonic constraining force. anks to this theory, we propose the application of the harmonic function as the input for fatigue process (vibration amplitude and forced frequency) of Hysteresis process. is is the basis to define the fatigue period as well as degradation level over time on the experimented beam.
e Beam Model under Harmonic Constraining Force.
We consider the beam model simulated as a single rest beam with 2 tips as shown in Figure 1 . It bears the effect of harmonic constraining force P(t) � Q sin(Ωt + θ), wherein Q is the amplitude of forced circulation on the beam and Ω is the trigger frequency on the beam. e vibrating function is expressed by equation (1) . When considering the geometry characteristic of the beam structure, under the harmonic constraining force, the beam reflects the basis physical behavior of the bending vibration. e expression of the beam bearing the bending is given as
e boundary and first conditions are given by
2 Shock and Vibration where x is the coordinate of the concentrated force and is defined by the origin coordinate of beam; t is the effect time of load on the beam and defined from the start of the load until the period is changed or finished completely; w(x, t) is the deflection of the beam at x and time t; c is the load velocity; ρ is the density of the beam of a certain length; ω b is the damper frequency of the beam; P(t) is the magnitude of the affecting band; l is the length of the beam; and δ(·) is the fatigue function on the beam. e δ(·) function on the beam depends on 2 factors which are position and velocity of the force. e function is defined by the following equation:
To solve equation (1), we use Galerkin method which is one of the most appropriate methods in solving variable problems relating to structural dynamics. e root of equation (1) is chosen as a variable dissociation as equation (4) . erein, ϕ j (x) are linearly independent functions that satisfy the boundary condition of the model structure, and q j (t) function varies over time and is defined by the integral of normal partial derivatives as follows:
With the boundary condition equation (2a), we choose ϕ(x) � sin(jπx/l) and integral of terms from 0 to l, and the variable Fourier integral in Sin-type is expressed as follows:
Substituting equation (5b) into equation (4), one writes
e specific vibration frequency of the structure according to the jth mode is defined by the following equation:
and the velocity frequency is
To solve equation (6), we use the Laplace-Carson integral transformation method. Multiplying each term with e − Pt , integrating by t the terms from [0, ∞], and then multiplying all by P, which is the variable of the complex plane
with
For the experimental model, one uses P(t) � Q sin(Ωt + θ) function, and equation (6) turns into
e manuscript proposes the limitation and complexity level of harmonic force on the beam structure by the fatigue phenomenon, the first phase θ 0 � 0. However, when conducting the experiment, it was hard to define the first phase of the circulation, so we suggest to expand this first phase for the case θ as a random variable in the range from 0 to 2π. Hence, the solving process of equation (11) is simplified, and the first phase θ will not be fixed as in the research manuscript.
Setting
When doing the reverse transformation, we have the original function W(j, t), and adding it into equation (10a), one writes 
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Generating the Fatigue Model on the Beam.
In this research, the manuscript uses the fatigue bending method which shows the changeable relation between stress and the relative stress periods. e changeable stress is the highest stress or stress amplitude. In case of tangential stress, if σ max is the stress that changes periodically and has the highest value, σ a will be the highest stress amplitude, and if N is the stress period, the classic form of fatigue bending will be expressed as depicted in Figure 2 .
Depending on the data processing method in practice, so far, we have had lots of mathematical equations to express the fatigue bending according to equations (15)- (17) . In this work, we used the relation bending of stresstransformation to express the relation between fatigue periods and the degradation of the beam is as follows:
in which a, d, m, B, C, C 1 , and C 2 are the parameters of the expression: σ a is the stress amplitude; σ r is the fatigue limit of the material in stress period r. en, the stress period is the shortest time for the repeat of the first initial values. e stress period symbol is T and featured by 3 factors: alternating stress amplitude (see equation (18)), mean stress given in equation (19) , and stress ratio given in equation (20) .
Practically, the force-bearing period of the hysteresis process includes symmetric stress cycle (see Figure 3 ), asymmetric stress cycle as shown in Figure 4 , and random stress cycle as depicted in Figure 5 .
If r � − 1 or r � 1, then the stress cycle is symmetrical. Conversely, if r � 0, then the stress period is a dynamic form. e asymmetry of the stress period impacts significantly on the fatigue resistance of the material. In reality, the manuscript focuses on conducting research about fatigue destruction for case r � − 1 and r � 0 or r � 1 and r � 0. It means the fatigue limit of the material, in this case, is given with the symbol σ r � σ − 1 and σ r � σ 0, respectively. If we apply equation (12) into the beam model in the experiment, under the harmonic constraining force, P(t) � Q sin(Ωt + θ) (the vibration amplitude is Q and vibration frequency is Ω). Figures 6(a) and 6(b) show the vibration amplitude Q and Q 1 (Q 1 � 1.5Q) and vibration frequency Ω and Ω 1 (Ω 1 � 1.5Ω) by the harmonic constraining force P(t) � Q 1 sin(Ωt + θ).
A New Parameter in Evaluating the Shift of CP-PSD.
In structural dynamics, the stimulating force and response of the system are considered as the input and output of the system. Figure 6 shows that, to evaluate the degradation over time of the structure, what needed is a parameter that is sensitive enough. is parameter can define the change in the structure from one fatigue period to another. Traditional methods are not optimal solutions to this problem. We found that the Fourier transforms over time combined with the signal function from equation (13) could generate the relation between amplitude, forced frequency of the fatigue, and degradation level. Hence, by the PSD of the obtained signal from stimulating the fatigue on the beam, we could evaluate the difference according to Figure 6 . e relation between the response of the system and stimulating force is demonstrated as follows:
in which the frequency response function H(ω) and function F(ω) are the Fourier transform of the response function h(t) and the stimulating force function P(t) � Q sin(Ωt + θ) at the τ time point (Δt from time t), and how to determine the function H(ω) and function F(ω) is shown by the following equations:
e spectral density function S w (ω) of the input response of the system is calculated by the frequency response function, and the spectral density function of the input S f (ω) is calculated as the following:
(23)
For the system of one degree, the frequency response function is
in which ω 0 , ξ is, respectively, the specific frequency and damper coefficient of the system. Similar to the system of more than one degree, the matrix of the frequency response is expressed as follows:
, and {ϕ} are matrix of mass, damping, stiffness, and shape function of the system, respectively. e spectral density function S w (ω) according to the density function equation (23) in statistical theory shows us the distribution of the boundary spectral amplitude values in the time domain. In the frequency domain, the spectral density function also shows that the energy distribution is satisfied. e definition of the spectrum central position is proposed to investigate the energy distribution characteristics of signals which do not satisfy in each frequency domain of the power spectral density. is concept introduces a sensitive parameter as a specific tool to identify characteristics of damage and monitor the structure status. While previous studies only define load-bearing objects, putting load effect under complete control, we developed this parameter based on the actual survey in the experiment. In addition, the study reckons the special features of the shift of central points in assessing the hardness reduction of the structure (see Figure 7 ). Suggestions for this new parameter include as follows: the analysis does not have a significant effect on these changes.
Conducting Experiment

Experiment Model.
In order to test in this study, we have built an experimental model generated at Faculty of Applied Science, Ho Chi Minh City University of Technology, as shown in Figure 8 . e system consisted of major equipment: two-tip beam frame, forced-circulation vibration stimulating system, signal amplifier circuit, multichannel receiver circuit, computer, and signal wire. Shock and Vibration
Clusters of the Experiment Model
(1) Beam Structure. It consisted of a wooden beam of 1 m length, 10 cm width, and 1.5 cm thickness (see Figure 9 ) placed on two mounts as shown in Figure 10 . According to Figure 10 , experimental beams were mounted at both ends of the frame, and a vibration stimulating model as required by an inverter system as depicted in Figure 11 was placed in the middle of the beam. is stimulating system was adjusted based on 2 input parameters: vibration amplitude (Q) and vibration frequency (Ω).
Stimulating Cluster
(1) Transmission System. It was composed by a belt transmission system in order to move the stimulating system on the beam model (see Figure 12 ). is system had transmission effects and movement orientation for the stimulating system. us, the system could move on beams at a steady speed without being impacted.
Signal Receiver Cluster.
e signal receiver cluster which consisted of 4 measuring heads was implemented by an acceleration sensor. e measuring system was mounted under the beam and divided the beam length into 5 equal parts as depicted in Figure 13 . ese sensors transmitted signals through wires to a multichannel receiver to be stored on the host computer. e measurement signal acquisition diagram is shown in Figure 13 .
Experimental Steps.
e objective of the experiment was to investigate the reduction in bearing capacity of beams caused by fatigue effect. It was expressed by the number of forced-circulation periods on the beam. To meet that requirement, in this experiment, we used a beam made with plywood (medium-density fibreboard (MDF)).
is is a soft material with high-fatigue bearing ability and wide application. e vibration of the beam under the impact of the stimulating model could easily respond to large amplitudes and high frequencies. Table 1 is the standard fatigue state of beams. ere were 6 different fatigue states corresponding to 10 6 cycles (24 h of fatigue), and we investigated the mechanical state of the experimental beam to evaluate and identify its degradation level. e experiment was conducted in different levels of amplitude (Q i ) and forced frequency (Ω i ). In this research, we only tested the fatigue position at the center of the beam without changing other positions. In the following studies, we will show the relationship between the position of fatigue and degradation level of the beam structure.
Results and Discussion
e Change of the Specific Frequency Value under the Influence of Fatigue.
e specific frequency of the beam under the effect of the harmonic constraining force is determined by the power spectral density. e identifying method lets the beams vibrate freely under the effect of an instant force. e signal of the vibration amplitude obtained Shock and Vibration 7 from the acceleration sensors is shown in Figure 14 , and the power spectral density generated from those sets whose shape is shown in Figure 15 . e experiment was conducted in 6 different fatigue states with an increasing period. e specific frequency values are obtained from Table 2 , and the shape of the power spectral density corresponding to the fatigue states is shown in Figure 16 . Table 2 and Figure 16 show the following:
(i) Corresponding to 6 different fatigue states (from 0 to 6), the value of the frequency on the beam is almost unchanged (0.5 Hz) (according to Table 2 ). e change is too small compared to the total number of fatigue periods on the beam. us, even though the parameter represents the reduction process of the bearing capacity of the structure, the frequency value is less sensitive than the requirements of identifying math. (ii) Corresponding to 6 different fatigue states (from 0 to 6), the value of the frequency on the beam is almost unchanged (0.5 Hz) (according to Table 2 ). e change is too small compared to the total number of fatigue periods on the beam. us, even though the parameter represents the reduction process of the bearing capacity of the structure, the frequency value is less sensitive than the requirements of identifying math. e general shape of the power spectral density in 6 different fatigue states is quite similar. On the frequency domain, there are always two major domains (3 Hz-27 Hz) and (27 Hz-60 Hz).
us, in terms of the mechanic behavior status of the beam under the effect of the fatigue period, there is only one form of vibration for all 6 states. Shock and Vibration (iii) Corresponding to 6 different fatigue states (from 0 to 6), the value of the frequency on the beam is almost unchanged (0.5 Hz) (according to Table 2 ). e change is too small compared to the total number of fatigue periods on the beam. us, even though the parameter represents the reduction process of the bearing capacity of the structure, the frequency value is less sensitive than the requirements of identifying math. In the two frequency domains of the beam, the second frequency domain (27 Hz-60 Hz) tends to change in magnitude (width) of the spectrum. As a general trend, the greater the state of fatigue is, the narrower and smaller the 2nd frequency domain of the spectrum is. erefore, to quantify the changing trend of the spectrum, the study proposes using the shift of the value in the central position of the spectrum.
Shifting the Central Position of the Power Spectral Density.
As the degradation in bearing capacity of beam increases, it results in a decrease in the area of the high-frequency domain of the power spectral density as shown in Figure 16 . In other words, the reduction of area 2 leads to a shift in the center (horizontal) of the whole spectrum. In order to quantify this shift, this paper proposes using the concept of 7 centers as shown in Figure 17 . In the first step, the whole area is divided into two equal areas by the fourth central (the center in 7 selected central). e two small areas divided at step 1 continue to be divided by two centers 2 and 6. In Step 2, the spectrum is divided into four areas by centers 2, 4, and 6. ose areas are divided into two by centers 1, 3, 5, and 7, depicted in Figure 17 . Such division makes the variable frequency areas of the power spectrum equal. is makes the centers of spectral areas more sensitive to changes in fatigue states. In theory, it is possible to divide even smaller areas to examine the change of values in the central point. However, splitting too much makes the value of the area scattered, which makes it more difficult to determine change of the spectrum. When we applied the same identifying method for the experimental model, the survey conducted 4 measurement channels corresponding to 4 different measurement positions. e results are expressed as Figures 18(a)-18(d) .
To be more visual in the evaluation process, this study uses a line graph to show shifts. By standard, 7 lines on the graph that show the shift of the central point are arranged in order from low to high (the central point lines from 1 to 7). is is the line that shows the central of the power spectral density through 6 different fatigue states of forced-circulation vibration on the beam. We also agree that the points representing the reduced value are marked by (if the frequency value at the point is lower than the preceding point) and in the opposite case. According to Figure 19 , the general trend of the lines representing the center of the spectrum is going down. In other words, the centers tend to move to the left, which means that the value decreases gradually by different fatigue periods. It indicates that corresponding to the decline of the specific frequency according to Table 2 , the value of the CP-PSD also decreases. However, the decline level of the central position is more rapid and clearer than the specific frequency value. In the experiment, there was an increase at some central points compared to the previous fatigue state, but the increase was negligible (below 1%), and the number of increasing points was less than the total points on each graph. In addition, due to the arrangement at four measuring channels, we also find symmetry in terms of spectral shape and central value. Accordingly, channels 1 and 4 are the same. ey tend to be higher than channels 2 and 3 in terms of amplitude values.
is is the basis for quantifying the position when a defect is detected on the beam under harmonic constraining force. e distinctive feature of the central shift allows us to get clearer assessment in each state of the fatigue period when compared to the change of specific frequency value. Accordingly, there are states where the specific frequency remains constant (from fatigue state 1 to 2); however, the value of the central point still shows a shift to the left (decline in value). us, in states where the specific frequency has not changed yet, in fact, it still has a decrease in energy, especially in high-frequency areas. is energy degradation must reach a certain level for the new frequency to continue to decrease.
However, the central value represents distribution of energy on the spectrum, and with only a small change, this value can be shifted. In brief, this value, which is a new parameter, has much higher sensitivity than others.
e Sensitivity Comparison of the Change of Spectrum's Central Position and Specific Frequency Value.
e comparison of the decrease level at the central position with a specific frequency expressed is shown in Figures 20-23 . Figures 20-23 show that central points experience greater change than their specific frequency value. Specifically, for beams from the original state to the 6 th fatigue phase (with 6 × 10 6 fatigue cycles), the specific frequency values only change 3.6%. Meanwhile, the central position value changes at least 8.8% (the second central position of the power spectral density according to channel 4) and up to 52.2% (the fourth central position according to channel 4). e distribution of central position's characteristics of the power spectral density is different at each point. In particular, the distribution of channels 1 and 4 is similar and that of the channels 2 and 3 is similar. Based on this factor, we can see that the degradation on beams is uneven at different points. erefore, this parameter can be applied to identify the most degrading points of the tested beams. In contrast, the specific frequency values at different points are equal. erefore, the distribution of energy in terms of mechanics expressed by its own specific frequency value does not fully reflect the dispersion process. e forced circulation is the cause of fatigue on beams. However, the energy dispersion is not big enough for the specific frequency value to decrease quickly. us, the central position 14 Shock and Vibration value of the power spectral density shows the process of dissipating energy on the beam in this experiment. Central points 3rd, 4th, 5th, 6th, and 7th experience greater changes than 1st and 2nd. is indicates that there is a rapid change in the area with the higher frequency domain (the second frequency range varies from 27 Hz to 60 Hz). Conversely, this value moves less in the lower frequency domain.
is also confirms the sensitivity of 1st area in comparison to 2nd area. On the contrary, frequency value of the first area usually contains the value of the specific frequency on the structure. All in all, this is the main cause of the nonsensitivity of specific frequency values in this study as well as in other authors' studies.
Conclusion
e above results show the CP-PSD distribution of the vibrating signal is more sensitive than the specific frequency.
is is a new parameter to assess the reduction of bearing capacity of the beam under the effect of periodically forced circulation. e sensitivity of the parameter is expressed by not only the decrease rate in each measurement channel but also the level of degradation on the tested beam. e results show that even when the specific frequency value is constant, the central points still have a certain shift. It means the new parameters are sensitive enough with small changes in the mechanical characteristics of materials when causing fatigue on beams. In addition, the distribution of central position value of the power spectral density indicates the degradation of the beam at different positions. In the future, the authors will quantify the degradation level of the beam corresponding with different fatigue cycles. is is the premise to assist evaluation of the structure lifespan under the effect of fatigue.
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